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The terms "micro-GT" and "microtomography" have been used recent l y 
to describe the extension of the techniques of computed tomography to 
the evaluation of objects and structures where the dimensions of 
structures of interest are measured in micrometers or tens of 
micrometers. The resolution thus implied is not microscopic in the sense 
of a traditional microscope but still is much smaller than that 
approached by the vast majority of computed tomography systems. 
Though micro-GT can be pursued in t wo dimensions [1], our discussion 
is aimed at direct three-dimensional reconstruction. In the regime of 
high-resolution and very small objects, characteristics of direct 3D 
reconstruction, such as highly parallel data collection, lack of 
mechanically induced registry errors, and nearly isotropic resolution, 
are most clearly advantageous. 
The most valid claim to microscopic tomography is held by those 
groups that have reported systems [2,3] based on synchrotron-radiation 
sources. Such systems are currently capable of resolution that 
approaches 1 micrometer for objects in the few millimeter range. A clear 
advantage of the use of synchrotron radiation is the ability to select a 
very narrow energy range, which opens up the possibility of preferential 
imaging of specific elemental and chemical species and el iminates errors 
due to beam hardening . 
The resolution of systems based on laboratory sources is more 
modest but can be quite respectable. In earlier papers [4 , 5] we 
described how elements of a real-time radiographic system can be employed 
to perform high-resolution three-dimensional computed tomography. Our 
system is routinely operated with 50 micrometer resolution and can 
approach 10 micrometers for small specimens . Furthermore , we expect that 
improvements in technology will push such systems toward the 5-
micrometer range in the next few years. 
Our approach here will be to consider briefly several key issues 
that arise in the design or operation of a micro-GT system in a 
laboratory setting. Though our emphasis i s on resolution, we not:e that 
the interrelated considerations of sensitivity and s ystem throughput are 
of comparable importance. 
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RESOLUTION MODEL 
The following simplified model is used as the basis for the 
discussion to follow. We assume that emission from the x-ray source is 
uniform within a circular emitting area of diameter s and zero outside. 
Further, we assume that within some cone the emission is uniform in 
direction. We represent the detector system by its inherent resolution 
w, defined as the full width at half maximum (FWHM) of its response to a 
two-dimensional impulse excitation. An essentially isotropic detector 
response is required for three-dimensional tomographic imaging with 
comparable resolution in each direction. 
The geometry of the system is illustrated schematically in Fig . 1. 
The only motion is rotation about a single axis; the detector system is 
assumed to be held fixed, although increased sampling density could be 
accomplished by dithering. 
Fig. 1. Geometry for 3D micro-CT reconstruction . 
We assume that the object is roughly centered about the rotationa l 
axis of the tomographic system. If we denote the distance from the 
source spot to the axis as x and the distance of the source to the 
detector as X, the geometric magnification is approximately M = X/x . The 
effect of magnification on resolution is made apparent by referring the 
source spot size and the detector resolution to the position of the 
rotational axis. The effective spot size is given by Seff = s(M-1) / M and 
the effective detector resolution is given by weft= w/M . The overall 
resolution is then obtained by folding these separate contributions in 
the form (seff 2 + Weff 2 ) 112 . (Since the object is not confined to the 
position of the axis, both Seff and Weff vary somewhat with position. 
This variation does not affect the analysis in any significant way.) 
Inspection of the simple model leads to the conclusion that high 
resolution can be obtained by the following extreme approaches: 1) force 
M close to unity, thereby reducing seff nearly to zero, and choose a 
detector with very small w; 2) make Mas large as poss ible, thereby 
reducing weft , and choose a source with very small s. We refer to t he 
former as the parallel-beam approach, since parallel-beam geometry is 
approached as M nears unity. The latter we call the cone-beam approach , 
since it expl oits the diverging nature of the beam. Figure 2 
illustrates these approaches. Practical considerations may prevent 
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Fig. 2. Illustration of geometrical extremes for micro-CT. 
either of these extremes from being reached, but in any implementation it 
should be clear which approach is dominant, since the choice profoundly 
affects each of several of choices to be made in assembling the hardware, 
algorithms, and software required for the system. 
X-RAY SOURCE 
The characteristics of the x-ray source determine the nature of the 
system. If a conventional source with a spot size in the 1 millimeter 
range is to be employed, only the parallel-beam approach is viable . A 
very high-resolution detector must then be used and the system geometry 
must be chosen to minimize Seff · For example, suppose that overall 
resolution in the 15 micrometer range is desired and that a detector with 
w- 10 micrometers is chosen. Then s ff must be reduced to about 10 
micrometers to keep (seff 2 + Weff 2 ) 11 ~ in the range of 15 micrometers. A 
magnification no larger than 1.01 is thereby implied. As suggested in 
Fig. 2, the object will then be placed relatively far from the source and 
close to the detector. 
If a modern microfocus x-ray source is chosen, the cone-beam 
approach can be used. Suppose that the source spot size is 10 
micrometers (well within the capabilities of models currently available) 
and that a detector with w - 200 micrometers is chosen. To achieve 15 
micrometer overall resolution, we must reduce Weff to 10 micrometers, 
which requires magnification M - 20. 
These extreme approaches differ considerably in how much of source 
output they put to good use. I n the parallel-beam approach, the object 
subtends a very small solid angle as seen from the source. In the cone-
beam case, the object subtends a much larger solid angle. In our 
numerical example, summarized in Fig. 3, the cone-beam approach uses 
source output approximately 400 times more efficiently . This difference 
is not entirely canceled by the greater focal spot area of conventional 
source, because much greater power dissipation per unit area is possible 
for microfocus sources (6] . Hence, the cone-beam approach may have a 
substantial advantage in useful x-ray photon flux. 
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DETECTOR SYSTEM 
In order to perform direct 3D micro-CT, a two-dimensional detector 
array is required. The desirable characteristicsof sucha detector are 
the same as for conventional CT, e.g., stability, high spatial 
resolution, and large dynamic range. On an individual basis, the best 
discrete detectors have all of these. Unfortunately, it is not 
particularly practical to assemble large 2D arrays of discrete detectors. 
An alternative is to use a two-step approach, in which the pattern of 
visible light produced by a conversion material, such as a phosphor, is 
them imaged by a solid-state array or a high-resolution TV camera and 
then digitized. This is the strategy used in the systems described in 
references 1-5. 
'PARALLEL HIGH-MAG CONE 
object diameter D 1 mm 1 mm 
spot diameter s 1 ,01 
source-to-object X 99 5 
source-to-detector X 100 100 
detector resolution w .01 ,20 
magntftcat ton M 100/99=1,01 100/5=20 
effect tve spot s., ,01 ,0095 
effect tve det, res, w.n ,0099 ,2/20= ,01 
detector so ltd angle 
from source Q (1/99)2 (1/5)2 
detector solid angle 
from obJect a .... (1/1)" =1 (1*20/95)2 
= ,04 
typical current .1 ma 
required current for 
comparable S/N .1 C99/SZ) =39 .2 ma 
Fig. 3. Numerical comparison of parallel-beam and cone-beam approaches 
to micro-CT. 
In our system, an x-ray image intensifier is used in place of a 
simple conversion element. The visible image thus produced is not only 
brighter than that produced by a bare phosphor, but is reduced in size 
relative to the active area of the device. This allows the output to be 
coupled optically to the active element of a camera without incurring a 
large solid-angle penalty. The large active area of image intensifiers 
together with efficient coupling to the camera allo~s larger 
magnification to partially mitigate their inferior resolution as compared 
to high-resolution phosphors. A larger detector area also has the 
benefit of permitting a wider range of specimen sizes to be accomodated. 
In any case, we expect to reevaluate our strategy when phosphors of the 
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quality implied in recent work [2] become generally available and 
detailed comparison becomes possible. A further attraction of the new 
phosphors is the greater sensitivity to contrast variations that would 
result if the greater dynamic range of a phosphor/CCD array detector is 
not undermined by losses in stopping power or light collection. 
In detector systems as just described, the overall detector 
resolution is a combination of the resolution of the conversion element 
and the resolution of the camera and digitizing system. (The image 
intensifier contains additional sources of degradation in its electron 
optics and output phosphor.) The coverage of the camera and/or 
digitizer, i .e., the number of pixels available, limits the number of 
samples and hence limits the fractional resolution that can be attained. 
For best results, each pixel should be calibrated individually. We 
establish for each pixel a white (open beam) reference and black (beam 
stopped) reference and use these in calculating transmission. Carrying 
things further, one could (but we do not) map out an individual response 
curve for each pixel and thereby compensate for response nonlinearities. 
RECONSTRUCTION ALGORITHM 
In order exploit beam divergence rather than minimize its effect, we 
developed [7] a filtered backprojection algorithm that correctly accounts 
for the geometry and produces reliable reconstructions in reasonable 
time. Though the algorithm is approximate (cone-beam data of the form 
considered here do not satisfy known sufficient conditions for exact 
reconstruction), reconstruction errors are extremly small for practical 
cone angles. 
Reconstruction time per reconstruction point is of the same order as 
the time per point for filtered backprojection algorithms for the 2D fan-
beam and parallel-beam cases (which may be regarded as a special cases of 
our algorithm) However, it must be noted that recent work [2] has shown 
that the parallel-beam case can be handled by direct Fourier inversion in 
much less time than filtered backprojection and with comparable accuracy. 
Hence, at least at present , the parallel-beam approach can have a 
significant advantage in computational speed . · 
ARTIFACTS 
Beam hardening is a commonly observed artifact in tomographic 
reconstructions . A typical manifestation is a nonuniform observed 
density in regions where the actual density is uniform. Regions 
accessible by rays that are required to pass through the least material 
tend to have larger apparent densities, since little preferential removal 
of lower energy photons has occurred. Regions accessible only by rays 
with long passage through the specimen tend to have smaller apparent 
densities. We have found beam hardening usually to be a minor problem in 
micro-CT, possibly because the smaller absolute range of path lengths 
limits the range of energy distributions . 
Other forms of nonlinearity in the relationship between integrated 
density and observed projection integral can give rise to artifacts that 
have much the same character as beam hardening . Detector nonlinearities 
can contribute, but more commonly observed are artifacts termed the 
"partial volume effect." This is an undersampling artifact, typically 
caused by the presence of well defined edges, the projections from which 
contain spatial frequencies beyond that which is consistent with the 
sampling frequency of the detector system. Conventional CT systems with 
discrete detectors, frequently with greater acceptance in the vertical 
(axial) direction, are extremely vulnerable to such artifacts, especially 
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when sharp horizontal edges occur within the slice thickness. Use of 
conversion/sampling detectors minimizes the problem both by sampling 
uniformly in transaxial and axial directions and by the spatial filtering 
performed by the conversion material prior to sampling. 
Ring artifacts, so called because they appear as circular patterns 
imposed on the reconstruction, may be caused by detector samples that 
have a systematic bias, possibly arising from errors in the detector 
reference values described above. Remarkably small errors in this 
procedure are sufficient to produce visible artifacts . 
Scattering of the beam by the specimen would seem to be a serious 
problem in systems with uncollimated detectors, such as described here. 
Without denying its existence, we must report that in our cone-beam 
micro-CT experience it has not been a serious concern. Part of the 
reason lies in the cone-beam geometry, since only a small fraction of 
radiation scattered by the object is intercepted by the detector. In 
parallel-beam geometry, on the other hand, the detector subtends a much 
greater solid angle (see Fig. 3) as viewed from points in the object and 
hence tends to intercept a much greater fraction of scattered radiation. 
EXAMPLE 
We conclude by displaying a portion of the data from the 
reconstruction of a 10-layer carbon-carbon composite from the National 
Aerospace Plane program (courtesy of Richard Hack, PDA Engineering). The 
sample consisted of filler, carbon fibers, and silicon carbide whiskers . 
Neither the individual fibers nor the individual whiskers can be 
resolved. Hence they contribute only to the spatial averages of the 
attenuation coefficients of the regions in which they are found. The 
center 8 layers consist of densely packed carbon fibers interleaved wit h 
regions of silicon carbide whiskers in a filler matrix. The outer layers 
contain less dense arrays of carbon fibers; these regions have a 
relatively high attenuation since the filler has greater radiographic 
density than the fibers. 
The specimen cross section was 3.26 x 3.66 mm ; the reconstruction 
volume was 4.035 x 4.335 x 2.46 mm (the reconstruction array was 269 x 
289 x 164 with 15 ~m spacing). The source was operated at 53 kV and 0.10 
rna; the spot size was judged to be less than 5 ~m . The source-axis 
spacing was 2 . 816 em and the magnificat ion M was 13.2 . Pr oject ions were 
taken at 257 angles equally spaced in 2~ . Each projection was a 429 x 
249 array , with effective spacings of 13 . 8 ~m in the horizontal direction 
and 11.1 ~min the vertical direction. 
In Figures 4-6 we have combined gray scal e presentation wit h a 3D 
perspective that make s the context of the reconstruction apparent . 
Rather than use the conventional slice presentation or well-known 3D 
t echniques involving depth or reflectivity shading, we simply choose a 
rectangular subvolume, orientation, and viewing point and then display 
the attenuation coefficient map as if it were embedded in each of the 
three visible faces . 
The layers of t he composite material are evident , as are s everal 
defects, including voids on the inside and cracks in the outer layers. 
386 
Fig. 4. 
Fig . 5. 
2 
X POSITION 
Reconstructed attenuation coefficient in perspective form for 
three orthogonal planes of the composite material specimen. 
The orientation is that in which it was scanned . The scale is 
approximately linear, with the range 0-2 cm- 1 mapped into gray 
levels from white to black. The accompanying line plot 
corresponds to the elevation suggested by the arrow. 
Sequence of perspective-form reconstructions of t he composite . 
The orientation is 90 degrees counterclockwise about a vert ical 
axis from that of Fig. 4. Each successive front slice is 75 ~m 
deeper into the specimen. 
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Fig . 6. 
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